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SUMMARY 
When a PTFL sheet was rubbed u n i d i r e c t i o n a l l y  over a smooth surface o f  
s t a i n l e s s  s t e e l ,  an e s s e n t i a l l y  monomolecular t r a n s f e r  f i l m  was formed. By 
e l l i p s o m e t r i c  and emission i n f r a r e d  spectroscopic techniques i t  was shown t h a t  
t he  f i l m  was 10-15 A t h i c k  and b i r e f r i n g e n t .  From the i n t e n s i t y  d i f f e r e n c e s  o f  
i n f r a r e d  bands obtained w i t h  a p o l a r i z e r  passing r a d i a t i o n  p o l a r i z e d  i n  mutu- 
a l l y  perpendicu lar  planes, i t  was poss ib le  t o  deduce t r a n s f e r  f i l m  o r i e n t a -  
t i o n  w i t h  the d i r e c t i o n  o f  rubbing. 
A f t e r  s tanding i n  a i r  f o r  several weeks t h e  t r a n s f e r  f i l m s  apparent ly  
increased i n  th ickness by as much as t h r e e f o l d .  A t  the same t ime both t h e  
index o f  r e f r a c t i o n  and the  absorpt ion index decreased. Examination o f  t he  
sur faces.by o p t i c a l  and e l e c t r o n  microscopies showed t h a t  t he  f i l m s  had become 
porous and f l a k y .  
These observat ions were consis tent  w i t h  prev ious t r i b o l o g i c a l  measure- 
ments. The c o e f f i c i e n t s  o f  f r i c t i o n  decreased w i t h  the format ion o f  the t r a n s -  
f e r  f i l m  bu t  increased again as the f i l m  developed breaks. 
The a p p l i c a b i l i t y  o f  the e l l i p s o m e t r i c  and p o l a r i z e d  I n f r a r e d  emission 
techniques t o  the  i d e n t i f i c a t i o n  o f  monomolecular t r i b o l o g i c a l  t r a n s f e r  f i l m s  
o f  polymers such as PTFL has been demonstrated. 
INTRODUCTION 
There i s  ample evidence t h a t  the f r i c t i o n a l  p r o p e r t i e s  o f  p o l y t e t r a f l u - .  
oroethy lene ( P T F t )  depend on the development o f  a t r a n s f e r  f i l m  o f  PTFE on the 
m a t e r i a l  against  which i t  rubs. Pooley and l a b o r  ( r e f .  1 )  and Makinson and 
Tabor ( r e f .  2) have shown t h a t  i n  a i r  a t  low speeds (approximately 1 mm/sec) 
the  t r a n s f e r r e d  m a t e r i a l  cons is ted o f  lumps i n i t i a l l y ,  bu t  t h a t  i t  changed i n t o  
sheets o r  s t reaks a f t e r  s l i d i n g  f o r  some t ime. This f i l m  was est imated t o  have 
been l e s s  than 10 nm t h i c k .  A t  h igher speeds (>?GO mm/sec) the  t r a n s f e r  f i l m  
always contained fragments. 
Pepper ( r e f .  3 )  s tud ied  the  t r a n s f e r  o f  PTFE t o  S-Monel under h i g h  vacuum 
by Auger e l e c t r o n  spectroscopy (AES). F r o m  the a t t e n u a t i o n  by the  f i l m  o f  
Auger e l e c t r o n s  from t h e  subs t ra te  he est imated t h a t  t h e  f i l m  was two t o  f o u r  
molecules t h i c k .  
Wheeler ( r e f .  4 )  prepared t r a n s f e r  f i l m s  by s l i d i n g  a h i g h  p u r i t y  h i g h  
d e n s i t y  PTFE rod  on pure n i c k e l  and S-Monel i n  h i g h  vacuum. 
was examined by x-ray photoe lec t ron  spectroscopy and found t o  be i n d i s t i n g u i s h -  
a b l e  f rom b u l k  PTFE. A t r a c e  o f  metal  f l u o r i d e  was a l s o  observed. 
The t r a n s f e r  f i l m  
B r i scoe  ( r e f .  5) considered t h e  t r a n s f e r  o f  PTFE as one o f  "co ld,  t o t a l  
t r a n s f e r . "  He d i f f e r e n t i a t e d  i t  f rom "hot ,  t o t a l  t r a n s f e r , "  such as i s  
observed f o r  polymethyl methacry la te  (PMMA) i n  which m e l t i n g  occurs and f rom 
"degraded t rans fe r , '  which i s  observed i n  h i g h l y  c ross - l i nked  systems, such as 
rubbers and res ins .  A s  a r e s u l t  o f  i t s  mode of t r a n s f e r ,  t h e  PTFE t r a n s f e r  
f i l m  i s  h i g h l y  o r i en ted  bu t  does n o t  adhere s t r o n g l y  t o  t h e  smooth surfaces on 
which i t  i s  formed. Thus when a PTFE p i n  was made t o  s l i d e  s low ly  and repeat -  
e d l y  on a smooth s o l i d  surface, t h e  c o e f f i c i e n t  o f  f r i c t i o n ,  i n i t i a l l y  h igh,  
decreased t o  a constant low value, bu t  s i g n i f i c a n t l y  increased again when t h e  
p i n  was tu rned through 90". Br iscoe ( r e f .  6) exp la ined t h i s  behavior i n  terms 
o f  a lumpy t r a n s f e r  f i l m  which became o r i e n t e d  b u t  then became lumpy aga in  when 
t h e  p i n  was turned. When the  sur face  was rough o r  s l i d i n g  speed f a s t ,  t h e  
f r i c t i o n  remained h i g h  because, Br iscoe deduced, t h e  lumpy t r a n s f e r  f i l m  was 
n o t  a l lowed t o  " s t r e t c h ' o u t "  o r  become o r ien ted .  
The o b j e c t i v e  o f  t h i s  work was t o  demonstrate t h e  fo rmat ion  o f  an o r i e n t e d  
PTFE t r a n s f e r  f i l m  on s t e e l  i n  a i r ,  t o  determine I t s  th ickness ,  and t o  examine 
i t s  s t a b i l i t y  over a pe r iod  o f  t ime.  Techniques used were p o l a r i z e d  Four ie r  
i n f r a r e d  emission spectrophotometry and phase-locked e l e c t r o n i c  e l l i p s o m e t r y .  
EXPERIMENTAL 
I n f r a r e d  Emission Accessory 
F igu re  1 shows the  accessory i n  pe rspec t i ve  ( t o p )  and t h e  method o f  i t s  
i n t e r f a c i n g  w i t h  a commercial Fou r ie r  ( N i c o l e t ,  Model MX-1) spectrophotometer 
(bottom).  The accessory was b u i l t  by H a r r i c k  S c i e n t i f i c  Corporat ion.  I t  was 
mounted on a b racket  placed on t h e  ou ts ide  o f  t he  spectrometer case a t  a h e i g h t  
such t h a t  t he  r a d i a t i o n  f rom t h e  sample sur face  was brought i n t o  the  o p t i c a l  
plane, 5 cm ( 2  i n . )  above the  base p l a t e  o f  t h e  spectrophotometer. An o p t i c a l  
microscope i s  p a r t  o f  t h e  attachment. I t  pe rm i t s  n o t  on l y  t h e  v iewing  o f  t h e  
sample area whose spectrum i s  t o  be determined, b u t  i t  a l s o  func t i ons  as a 
re fe rence f o r  al ignment. Below the  microscope i s  t he  stage h o l d i n g  t h e  heated 
sample i n s e r t  under a c o l d  heat s h i e l d .  The stage can be h o r i z o n t a l l y  t i l t e d  
w i t h  respec t  t o  the microscope a x i s  a t  angles up t o  60" and the  sample i n s e r t  
w i t h i n  t h e  stage can be moved i n  the  x,y d i r e c t i o n s  ( i n  t h e  plane o f  t h e  stage) 
and i n  t h e  z - d i r e c t i o n  (normal t o  t h e  p lane o f  t h e  s tage) .  As  shown i n  t h e  
schematic drawing o f  f i g u r e  1, a c a r t r i d g e  heater  can heat t h e  sample i n s e r t ,  
a 0.95 cm ( 3 / 8  i n . )  diameter s t a i n l e s s  s t e e l  d i s c  of 0.16 cm (1/16 i n . )  t h i c k -  
ness, f rom t h e  bottom through the  "dome,11 t h e  metal  ( s t a i n l e s s  s t e e l )  ho lder .  
A thermocouple i n  the  dome a l lows the  temperature t o  be read a t  a p o s l t i o n  i n  
t h e  dome j u s t  below the  i n s e r t .  The c o l d  sh ie ld ,  a h i g h l y  po l i shed  cover over 
t h e  dome, separa te ly  supported so as t o  make con tac t  w i t h  t h e  dome o n l y  through 
an i n s u l a t i n g  po rce la in  r i n g ,  holds a po l i shed  aluminum mask i n  i t s  cen ter .  
Masks o f  d i f f e r e n t  ho le  s i z e  a r e  fu rn i shed  t o  l i m i t  t he  sample sur face  area 
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viewed. 
sory; they g r e a t l y  reduce s t r a y  thermal r a d i a t i o n .  
These "co ld "  masks'are very impor tant  t o  t h e  f u n c t i o n i n g  o f  t he  acces- 
The sample surface, which can be heated t o  and thermostat ted a t  tempera- 
t u r e s  up t o  300 O C ,  i s  l oca ted  i n  one f o c a l  p lane o f  t h e  90° o f f - c e n t e r  e l l i p -  
t i c a l  m i r r o r .  An area as smal l  as 1 mm i n  diameter a t  t he  focus i n  t h e  sample 
p lane can be analyzed. An enlarged image (10 X) i s  formed a t  t he  o the r  focus 
o f  t h e  e l l i p t i c a l  m i r r o r .  The microscope (shown as an reye")  on t o p  o f  t he  
accessory a l l ows  viewing t h e  sample through a ho le  i n  t h e  e l l i p t i c a l  m i r r o r .  
As shown, t h e  r a d i a t i o n  emi t ted by the sample and r e f l e c t e d  90' by the  e l l i p -  
t i c a l  m i r r o r  i s  brought t o  a focus a t  t he  same d i s tance  from a plane m i r r o r  as 
t h e  o r i g i n a l  h o t  source suppl ied by the spectrometer. Therefore the  r a d i a t i o n  
f rom t h e  sur face o f  t he  i n s e r t  replaces t h e  r a d i a t i o n  of t h e  spectrometer 
source. The on ly  changes--easi ly r e v e r s i b l e - - t h a t  had t o  be made t o  t h e  spec- 
t rometer,  were a ho le  i n  the  case, which could be covered when n o t  needed, and 
t h e  i n s e r t i o n  o f  t he  f l a t  m i r r o r  i n t o  t h e  o p t i c a l  path between inst rument  
source and c o l l i m a t o r .  
When t h e  emission accessory was used no (absorbing) sample was placed i n  
the  sample compartment o f  t he  spectrometer. However, f o r  p o l a r i z a t i o n  spec- 
t roscopy, an i n f r a r e d  f i l t e r  ( p a r a l l e l  w i res,  0.4 pm t h i c k  and separated by 
0.4 pm f r o m  one another , 'o f  aluminum deposi ted on KRS-5) was placed i n  the  
f o c a l  p lane o f  t h e  sample compartment. Th is  f i l t e r  could be r o t a t e d  i n  I t s  
p lane - -equ iva len t  t o  the sample surface o f  t he  i n s e r t - - t o  e f f e c t i v e l y  t r a n s m i t  
on l y  sample r a d i a t i o n  p o l a r i z e d  along o r  perpendicu lar  t o  a p r e f e r r e d  d i r e c t i o n  
i n  t h e  sample plane. 
The r e p r o d u c i b i l i t y  o f  emission spect ra obtained w i t h  t h i s  accessory was 
b e t t e r  than 1 percent  f o r  1000 accumulated and averaged spectra ( the  i n s t r u -  
ment reco'rded 1 spectrum/sec f o r  a r e s o l u t i o n  o f  1 cm-1). 
Faraday Effect-Modulated E l l i psomete r  
Since t h i s  instrument and i t s  operat ion were descr ibed i n  a prev ious pub- 
l i c a t i o n  ( r e f .  7 ) ,  on l y  a f e w  remarks a re  necessary here.  E l l i psomet ry  
measures the change i n  the p o l a r i z a t i o n  s t a t e  o f  a beam o f  l i g h t  when i t  i s  
r e f l e c t e d  f r o m  a sur face.  Two inc iden t  beams o r thogona l l y  p o l a r i z e d  g i v e  two 
r e f l e c t e d  beams o f  d i f f e r e n t  p o l a r i z a t i o n  s ta tes ,  f rom which t w o  v a r i a b l e s  can 
be ca l cu la ted :  the r e f r a c t i v e  index ( n )  and t h e  abso rp t i on  index ( k )  o f  the 
surface. When the surface i s  coated by a very t h i n  l a y e r  o f  m a t e r i a l ,  t he  
r e f l e c t e d  r a d i a t i o n  i s  composed o f  r a d i a t i o n  r e f l e c t e d  a t  t he  f r o n t  sur face 
and r a d i a t i o n  r e f l e c t e d  a t  the back surface and t ransmi t ted  through the l a y e r .  
A d d i t i o n a l  v a r i a b l e s -  the th ickness o f  t he  l a y e r  ( t )  and i t s  r e f r a c t i v e  and 
abso rp t i on  i n d i c e s - - a r e  in t roduced.  I n  p r i n c i p l e ,  a l l  o f  these va r iab les  can 
be determined by e l l i p s o m e t r y  i f ,  f o r  example, t h ree  known angles o f  inc idence 
a r e  used i n  three separate measurements. The t o t a l  number o f  v a r i a b l e s  i s  
f i v e  ( n  and k f o r  both the  f i l m  and the subs t ra te  and t f o r  t he  f i l m )  so t h a t  
one v a r i a b l e  would be overdetermined and could be used t o  f i n d  the  best  f i t .  
I n  p r a c t i c e ,  the e r r o r s  of measurement a r e  too g rea t  t o  a l l o w  the  s o l u t i o n  o f  
s i x  equations s imultaneously,  espec ia l l y  s ince these equations a r e  non l i nea r .  
D i f f e r e n t  mathematical models can be adopted, e.g. one can i n s e r t  a l l  t he  pre- 
determined constants o f  the pure ma te r ia l s  i n t o  the equations o r  one can so lve 
f o r  a l l  o r  some o f  the unknowns frommeasured values a t  a number o f  angles. 
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The latter procedure takes-care of the observation that even the same surface 
of a given material is never really homogeneous because of stresses and chemi- 
cal reactions. One must remember that ellipsometry is sensitive even to 
fractions of monolayers. These remarks will tell the reader that a computer 
program allowing many model variations, checks, and cross-checks is very 
important. 
A s  will be shown later, the orientation of the PTFE film, manifesting 
itself by different refractive indices in different directions, i.e. by double 
refraction, caused further complexity. The model that resulted in the same 
layer thickness in two perpendicular viewing directions, using the different 
indices for these directions, was.taken to be the best one. Conversely, the 
convergence of results for film thickness with different optical constants 
derived from measurements along different directions on the sample surface was 
a good indication of the birefringence and hence the orientation of the PTFE 
f i lm. 
Sample Preparation 
The 304 stainless steel inserts 0.95 cm diameter disks, were, in sequence, 
cut off from bar stock,’deburred, abraded with silicon carbide paper up to 600 
grit size, polished with jeweler’s rouge, ultrasonically cleaned with distilled 
water and soap and, finally, washed with methanol. The PTFE used was a sheet 
2.5 by 16 by 0.16 cm (1 by 6 by 1/16 in.) in dimensions. It was prerubbed 
against an insert until smooth, then rubbed against the sample insert i n  one 
direction only under 100 to 200 g (one finger) pressure. Single S i n .  strokes, 
double 5-in. strokes and five 0.5-in. strokes were applied to various samples 
at speeds varying between 0.1 and 5 sec per stroke, but averaging 1.0 sec per 
stroke. . 
RESULl S 
Ellipsometric Measurements Applied to Differently Prepared Samples 
Initially some samples were prepared by rubbing PTFE sheet on the metal 
in random directions. Ellipsometry of these samples invariably failed to show 
any transfer film. Similarly attempts to transfer P T F E  to gold-plated inserts 
failed. Unidirectional application of PTFt to stainless steel, as described 
in the preceding section, did work in that PTFE was transferred to the metal. 
No correlation was found between the amount of PTFE transferred (film thick- 
ness) and sliding speed, but a positive correlation was found between PTFE 
transferred and sliding distance. 
Two models were finally used for the ellipsometric data conversions. In 
both models the observed values of the refractive and absorption indices of 
the stainless steel substrate were inserted. However, in the first model, the 
literature values of n and k for PTFt (n = 1.35, k = 0) were introduced and the 
computer program calculated n, k, and t for the transfer film. 
Table I gives the optical constants determined ellipsometrically for the 
steel inserts before and after rubbing against a sheet of PTFE. In all three 
cases listed, both n and k were lower after rubbing than before, indicating a 
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c o a t i n g  of PTFE. The o p t i c a l  constants o f  Sample No. 6 showed a f u r t h e r  
decrease when t h e  measurements were repeated two months l a t e r .  
The r e s u l t s  o f  the c a l c u l a t i o n s  o f  t he  o p t i c a l  constants according t o  t h e  
two models, 1.e. (a )  l i t e r a t u r e  values f o r  t he  o p t i c a l  constants o f  PTFE ver-  
sus ( b )  values c a l c u l a t e d . f r o m  the  measured data, a r e  shown i n  Table 11. The 
f i t s  a r e  equal o r  b e t t e r  f o r  Model (b). Here t o o  t h e  o p t i c a l  constants o f  
Sample No. 6 were found t o  be lower from measurements made two months l a t e r .  
The l a y e r  th ickness o f  Sample 6 appeared t o  increase t h r e e f o l d  i n  two months. 
Table 111 shows the  e f f e c t  o f  sample o r i e n t a t i o n  on t h e  c a l c u l a t e d  e l l i p -  
sometr ic data.  
Sample No. 5 i s  unknown. The d i f f e rences  f o r  t h e  o the r  samples a re  more rea- 
sonable. A lower index o f  r e f r a c t i o n  and o f  abso rp t i on  f o r  PTFE i n  a d i r e c t i o n  
perpendicu lar  t o  the  d i r e c t i o n  o f  s l i d i n g  i s  i n  l i n e  w i t h  the  b i r e f r i n g e n c e  o f  
PTFE t r a n s f e r  f i l m  observed by o the r  workers ( r e f .  1 ) .  Since a monomolecular 
l a y e r  o f  P l F E  i s  t y p i c a l l y  on l y  about ten  Angstroms t h i c k ,  Sample No. 7 was 
coated w i t h  the t h i n n e s t  poss ib le  continuous f i l m  and i t  was d e f i n i t e l y  
b i r e f r i n g e n t .  
The reason f o r  the ' large discrepancy between the  r e s u l t s  o f  
The e f f e c t  o f  age o f  Sample No. 6 was remarkable. I t  was n o t  a c o i n c i -  
dence, f o r  another similar sample (No. 9)  prepared on August 5, 1986, had i n i -  
t i a l  values f o r  n, k, and t o f  1.45, 2.24, and 9.6 A and corresponding values 
on September 11, 1986 o f  1.14, 2.16, and 44.3 A .  I n  o the r  words, the f i l m  
th ickness appeared t o  increase th ree  t o  f o u r - f o l d  and the o p t i c a l  constants 
dropped considerably .  
l h e  r i d d l e  was solved when we looked a t  t he  sample under the e l e c t r o n  
microscope ( f i g .  2) .  C lea r l y ,  the f i l m  had p a r t l y  peeled o f f  the subst rate,  
g i v i n g  r i s e  t o  an e f f e c t i v e l y - a i r - d i l u t e d  f i l m  o f  g rea te r  th ickness and lower 
o p t i c a l  constants.  
I n f r a r e d  Emission Spectra o f  PTFE on S ta in less  S tee l  
The t h i n n e s t  t r a n s f e r  f i l m  o f  PTFE, whlch was w e l l  character ized by e l l i  I- 
Although i n f r a r e d  emission spectra were obtained on o the r  samples as w e l l ,  
sometry, was Sample No. 7.  I t s  b i r e f r i n g e n c e  was a l ready es tab l i shed  ( t a b l e  
I ) .  
a l l  t he  t r a n s f e r  f i l m  spectra included here w i l l  r e f e r  t o  t h i s  sample s ince i t  
w i l l  bes t  i l l u s t r a t e  the  t r a n s f e r  o f  P l F E  t o  s t e e l .  
l h e  study o f  the t r a n s f e r  o f  PTFE by i n f r a r e d  emission I s  aided by: ( 1 )  
the g r e a t  i n t e n s i t y  o f  t he  i n f r a r e d  bands corresponding t o  the  C-F s t r e t c h i n g  
v i b r a t i o n ,  and ( 2 )  the h igh  m e l t i n g  p o i n t  o f  PTFE,  making i t  poss ib le  t o  o b t a i n  
emission spectra a t  250 t o  260 O C ,  which was the  temperature used i n  t h i s  work. 
These f a c t o r s  gave us s t rong  spect ra o f  l aye rs  as t h i n  as monomolecular 
( 4 0  A ) .  The most i n tense  bands occur i n  t h e  950 t o  1350 cm-1 i n f r a r e d  reg ion;  
hence the  spectra shown below w i l l  be l i m i t e d  t o  t h a t  reg ion.  
F igu re  3 shows, f o r  comparison, an emission spectrum o f  the bu lk  PTFE 
sheet t h a t  was used f o r  rubbing. I t  i s  an emission spectrum though the  bands 
a r e  p o i n t i n g  downward as they would i n  an abso rp t i on  spectrum. The reasons f o r  
t he  band inve rs ion ,  i n  t h i s  case, i s  the g rea t  th ickness o f . t h e  absorbing 
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sample, t h e  r e f l e c t i o n  o f  emi t ted  r a d i a t i o n  a t  t h e  PTFE/alr i n t e r f a c e ,  and the  
anomalous d ispers ion  o f  t he  index of r e f r a c t i o n ,  which i s  respons lb le  f o r  t h e  
r e f l e c t i o n ,  over t h e  reg ion  o f  very s t rong  absorp t ion  bands. 
t h e  band inve rs ion  was descr ibed by Hvis tendahl  e t  a l .  ( r e f .  8) .  I t  was noted 
t h a t  t he  main band peaks have frequencies o f  1150, 1215, 1242, 1298, and 
1341 cm-1. These bands a re  marked on t h e  spec t ra .  
spectra,  t he  ord ina te  i s  t h e  percentage emission o f  t he  sample compared t o  t h a t  
of a blackbody i n  the same c o n f i g u r a t i o n  and a t  t h e  same temperature. 
g r a p h i t e  powder smeared on a s i m i l a r  i n s e r t  and recorded i n  t h e  same way was 
used as blackbody. 
The theory  behind 
Here, as i n  t h e  f o l l o w i n g  
F ine  
The emission spect ra o f  t h e  sample d i sks  coated w i t h  t h e  PTFE t r a n s f e r  
f i l m s  on the  s ta in less  s t e e l  i n s e r t s  were a l s o  i n v e r t e d  PTFE spect ra p r i m a r i l y  
because t h e  emission f rom the  subs t ra te  was s t rong  enough t o  pass through t h e  
very t h i n  t rans fe r  f i l m .  Therefore the  e m i s s i v i t i e s  (percentages o f  sample 
emission t o  blackbody emission) of t h e  coated i n s e r t s  were less  than those o f  
t he  b lanks.  However, because o f  t he  smal l  absorpt ion,  these spec t ra  showed 
very l i t t l e  con t ras t ,  so l i t t l e  t h a t  t he  presence o f  t h e  PTFE was sometimes 
d i f f i c u l t  t o  see. For tunate ly ,  p o l a r i z a t i o n  o f  t he  r a d i a t i o n  absorbed by t h e  
PTFE f i l m  d isc r im ina ted  aga ins t  t he  unpo lar ized  background r a d i a t i o n  f rom t h e  
s t e e l .  The p o l a r i z i n g  f i l t e r  can t h e r e f o r e  be considered an almost ind ispen-  
s i b l e  t o o l  f o r  the proper record ing  o f  i n f r a r e d  emission spect ra o f  very 
thin---monomolecular o r  near-monomolecular--surface l ayers .  Since such laye rs  
a re  genera l l y  ordered s t ruc tu res ,  t h e i r  i n f r a r e d  emissions o r  absorpt ions a re  
almost always po la r ized .  
F igure  4 shows an emission spectrum o f  Sample No. 7 on the  s t a i n l e s s  s t e e l  
i n s e r t .  Only one s t rong  (absorp t ion)  peak a t  approximately 1250 cm-1 i s  
no t i ceab le  and there  i s  a shoulder a t  approximately 1149 cm-1. The i n s e r t  was 
loca ted  i n  a ho r i zon ta l  p lane (normal t o  the  microscope a x i s  o f  t he  accessory 
( f i g .  1 ) ) .  The p o l a r i z e r  was turned t h a t  on l y  r a d i a t i o n  p o l a r i z e d  i n  a d i r e c -  
t i o n  normal t o  the rubbing d i r e c t i o n  ( o f  t h e  PTFE on the  s t e e l )  was passed t o  
t h e  de tec to r .  F igure 5 shows t h e  corresponding spectrum of  t h e  uncoated b lank .  
The ord ina tes  are percentages o f  equ iva len t  blackbody emissions which, i n  
agreement w i t h  o u r  prev ious statements, a re  c l e a r l y  h igher  f o r  t he  uncoated 
than f o r  the  coated i n s e r t  surfaces. 
The spectrum o f  f i g u r e  6 was obtained a f t e r  t u r n i n g  the  sample by 90" i n  
i t s  p lane.  
1250 c m - l  band. 
Now the band peaking a t  1149 cm-1 i s  more in tense than the  
Turn ing the sample i n  i t s  p lane should be equ iva len t  t o  t u r n i n g  t h e  p o l a r -  
i z e r  by the  same angle.  F igure  7 shows t h a t  t h i s  p r e d i c t i o n  turned ou t  t o  be 
n e a r l y  t rue ;  the smal l  d i f f e rences  are  probably asc r ibab le  t o  the  guesswork 
i nvo l ved  i n  tu rn ing  the  sample through 90". 
A s  noted e a r l i e r ,  these spect ra were no t  e a s i l y  obtained; they requ i red  
the  co-adding of  a t  l e a s t  1000 spect ra and the  h ighes t  poss ib le  r e s o l u t i o n  t o  
pe rm i t  a h igh  degree o f  smoothing. 
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DISCUSSION 
PTFE has a h e l i c a l  s t r u c t u r e  conta in ing  d i f luoromethy lene u n i t s  (CF2) 
a long t h e  cha in  and e x i s t s  as a l a r g e l y  c r y s t a l l i n e  m a t e r i a l  i n  t h e  s o l i d  
s ta te .  Two s o l i d  s t a t e  t r a n s i t i o n s  a t  approx imate ly  30 and 19 "C have been 
observed, b u t  t h e i r  na ture  i s  s t i l l  under d iscuss ion.  I t  i s ,  however, gener- 
a l l y  agreed ( r e f .  9) t h a t  between 19 and 30 " C ,  t h e  PTFE polymer cha in  has a 
h e l i c a l  c o n f i g u r a t i o n  i n  which 1 5  CF2 groups a re  arranged i n  seven tu rns  o f  
t h e  h e l i x  ( a  157 h e l i x ) .  Above 30 "C t h e  conformat ion may become more i r r e g -  
u l a r ,  a l though the  hexgonal arrangement o f  chains i s  maintained. Such a con- 
f o r m a t i o n a l l y  d isordered (Bol tzmann-d is t r ibuted)  cha in  would have the  1149 and 
1250 cm-1 bands o f  about equal i n t e n s i t y  as i n  f i g u r e  7 w h i l e  the  15 h e l i x  
would have the  1250 cm-1 band almost tw ice  as s t rong as the  1149 cm-1 band. 
Both o f  these bands were assigned t o  the  E1 mode o f  v i b r a t i o n  i n  the  four  
most l i k e l y  h e l i c a l  models. The t r a n s i t i o n  d i p o l e  moment vectors  f o r  bo th  o f  
these v i b r a t i o n s  are perpendicu lar  t o  t h e  molecular  a x i s  and a t  an angle t o  
each o ther .  
i s  o r i en ted  s ince  the  i n t e n s i t i e s  o f  the  corresponding i n f r a r e d  bands vary w i t h  
o r l e n t a t i o n .  If more band i n t e n s i t y  changes were observable, i t  would, i n  
p r i n c i p l e ,  be poss ib le  t o  determine the exact  o r i e n t a t i o n  o f  PTFE f i l m  w i t h  
respec t  t o  the  subs t ra te  sur face and the  d i r e c t i o n  o f  rubbing. 
spec t ra  a re  t h r e f o r e  cons is ten t  w i t h  the  e l l i psomete r  da ta  i n  showing b i r e -  
f r i ngence  o f  t he  t r a n s f e r  f i l m .  
C l e a r l y  rubbing t h e  i n s e r t  sur face  w i t h  PTFE produces a f i l m  t h a t  
The i n f r a r e d  
The demonstrated generat ion o f  these t r a n s f e r  f i l m s  i n  a i r  and t h e i r  
o r i e n t a t i o n  w i t h  respect  t o  the  s l i d i n g  d i r e c t i o n  can e x p l a i n  the  observat ions 
o f  Br iscoe and o thers  ( r e f .  6) w i t h  regard t o  f r i c t i o n  and wear, t o  which 
re fe rence was made i n  the  In t roduc t i on .  However, t h e  observat ion o f  t he  "Peel- 
i n g  Off E f f e c t "  ( f i g .  2) was apparent ly  n o t  descr ibed p rev ious l y .  I t  would 
e x p l a i n  the  l ack  o f  o r i e n t a t i o n  o f  PTFE f i l m s  and increased wear a f t e r  aging. 
This  work the re fo re  con t r i bu ted  t o  p rov ing  the  usefulness o f  e l l i p s o m e t r y  
and o f  ( p r i m a r i l y  po la r i zed )  i n f r a r e d  emission spectroscopy t o  sur face ana lys i s  
i n  t r i b o l o g y .  
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TABLL I .  - OPTICAL CONSIANTS i O R  304-STAINLESS STEEL 
INSERTS BEFORE AND AFlER RUBBING A G A I N S l  PTFE 
Sample number 
5 
6 ( o n  7/15/86) 
( o n  9/20/8b) 
7 
S l i d i n g  n k 
d i s t a n c e ,  
cm B e f o r e  A f t e r  B e f o r e  A f t e r  
25 2.63 2.16 3.62 3.34 
12 2.12 1.87 3.50 3.34 
_ _ - _  1 .31 2.54 
6 2.30 2.23 3.55 3.50 
TABLE 11 - OPTICAL CONSrANlS AND THICKNESS OF TRANSFERRED 
P T F E  FILM CALCULAlED BY TWO MODELS 
Sample number 
5 
6 ( o n  7/15/86) 
( o n  9/10/86) 
7 
S l i d i n g  t F i t  n k t F i t  
d i s t a n c e .  ( A )  ( a )  ( b )  ( b )  ( A )  ( b )  
cm ( a )  ( b )  
25 68.0 0.32 1.79 2.41 61.1 0.27 
1 2  44.0 .32 1.62 2.76 53.6 .28 
- . - - - - - - 1 .10  1.25 149.0 
6 10.8 .34 1.88 2.69 12.4 .34 
1ABLE 111. - E F F E C T  OF SAMPLE ORILNlATION W I l H  RESPtCT 
70 I N C I D E N T  L I G H T  
Sample number 
5 ( p a r a l l e l  t o  s l i d i n g )  
( p e r p e n d i c u l a r  t o  s l i d i n g )  
6 ( p a r a l l e l )  
( p e r p e n d i c u l a r )  
7 ( p a r a l l e l )  
( p e r p e n d i c u l a r )  
S l i d i n g  
d i  s tance,  
cm 
25 
12 
6 
61.1 
38.0 
53.6 
59.6 
12.4 
11.9 
- 
f i t  
0.27 
.26 
.2B 
.33 
.34 
.28 
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FIGURE 4. - INFRARED EMISSION SPECTRUM OF PTFE-COATED INSERT 
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FIGURE 5. - INFRARED EMISSION SPECTRUM O f  BLANK INSERT (POLARIZED 
IN THE SAME WAY AS FIG. 4). 
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FIGURE 6 .  - INFRARED EMISSION SPECTRUM OF PTFE-COATED INSERT 
OBTAINED I N  THE SAME WAY AS FIGURE 4 BUT WITH INSERT TURNED 
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FIGURE 7.  - INFRARED EMISSION SPECTRUM OF PTFE-COATED INSERT 
(POLARIZED ALONG THE STREAK DIRECTION). 
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